NASA TECHNICAL NOTE NASA TN D-2448

</

LOAN COPY: RETUR!
AFWL (WLIL-2)
KIRTLAND AFB, NI

9956400

wiiiny

NASA TN D-2448

ACCURACY OF NAVIGATION IN

VARIOUS REGIONS OF EARTH-MOON SPACE
WITH VARIOUS COMBINATIONS OF
ONBOARD OPTICAL MEASUREMENTS

by Alton P. Mayo, Ruben L. Jones,
and William M. Adams

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION e« WASHINGTON, D. C.  SEPTEMBER 1964



TECH LIBRARY KAFB, NM

LTI

00795t

ACCURACY OF NAVIGATION IN VARIOUS REGIONS OF
EARTH-MOON SPACE WITH VARIOUS COMBINATIONS
OF ONBOARD OPTICAL MEASUREMENTS
By Alton P. Mayo, Ruben L. Jones, and William M. Adams

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Office of Technical Services, Department o{ Commerce,
Washington, D.C. 20230 -- Price $1.25



ACCURACY OF NAVIGATION IN VARIOUS REGIONS OF
EARTH-MOON SPACE WITH VARTOUS COMBINATIONS
OF ONBOARD OPTICAL MEASUREMENTS

By Alton P. Mayo, Ruben L. Jones, and William M. Adams
Langley Research Center

SUMMARY

A study was made of the relative accuracies of 60 combinations of onboard
optical observations that may be available for use in determining the position
and velocity of a spacecraft from the vicinity of the earth to the vicinity of
the moon. The method of analysis consisted of computing along a nominal tra-
Jectory the mathematically correct onboard-optical-observation angles for spec-
ified times, adding random errors to the optical observations, computing transi-
tion matrices, and statistically reducing the results to obtain the estimated
errors in the initial position and velocity for a particular region of the
trajectory.

The procedure used is discussed and the method of computation is given.
Data presented show the effects of the number of observations and the frequency
of observation on the accuracy of determining position and velocity. Accuracies
for some of the better combinations of measurements studied are plotted over the
earth-moon region.

The study indicated that the estimated errors in position and velocity of
the spacecraft tend to converge after 40 observations when the observations
were made at a rate of 10 per hour. On the basis of these results, errors in
position and velocity for various combinations of optical observations were
computed and compared. The errors are given as root-sum-square values of the
estimates and standard deviations. The results revealed that, for an assumed
standard deviation in instrument error of 10 arc-seconds (except for horizon-
type measurements near the earth or moon), the better of the combinations of
observations studied were as follows: (a) Near the earth, the combination of
optical measurements of the earth's angular diameter, azimuth, and elevation,
or equivalently angular diameter and two stars to body center, was most accu-
rate. The contribution of angular diameter to the accuracy in this region was,
however, small and the use of only azimuth and elevation or two stars to body
center gave approximately the same results. (b) For the regions beginning
1.5 hours after insertion (a radial distance from earth's center to spacecraft
of 31,704 km), the most accurate combination consisted of the onboard observa-
tion of the angles between the earth's horizon and three stars as seen from the
spacecraft. (c) For the remainder of the trajectory up to the moon's sphere of
influence, the most accurate combination consisted of the measurement of the



angle between the horizon of the earth and one star and the angles between the
horizon of the moon and two stars.

In the terminal region within the moon's sphere of influence, measurements
made solely on the moon would be expected to be of the highest accuracy.
Results are not presented for this region; however, the results should be some-
what similar to those obtained by using measurements made on the earth at close

range.
INTRODUCTION

Two approaches have been proposed for achieving the goal of midcourse cir-
cumlunar navigation - that is, for determining the position and velocity of a
spacecraft in earth-moon space. One method employs earth-based radio measure-
ments (ref. 1) and the other utilizes onboard optical measurements (refs. 2
and 3). The optical method which has been given much attention lately is the
technique investigated in this study.

Briefly, the procedure of optical midcourse navigation involves taking many
optical measurements over an interval of time and transitioning the data to
obtain equivalent data for a future specified time. After these data are sta-
tistically reduced to obtain the best estimate of the spacecraft's position and
velocity vectors at that time, the necessary corrections to the trajectory may
be computed. This procedure may be repeated for various regions of the
trajectory.

Many types of optical navigational sightings may be made in the various
regions of earth-moon space (ref. U4); however, in certain regions some combina-
tions are more accurate than others (for example, see refs. 5 and 6). For this
reason the onboard navigation system should select the most effective measure-
ments for a particular region.

In the present paper, many different combinations of optical measurements
that may be available for determining the spacecraft's position and velocity
are studied. The theory of the navigation procedure used is discussed and the
methods employed are given. Accuracies of a large number of the combinations
in the various regions are presented in tabular form for comparison purposes.
Although some of the combinations chosen were expected to be less accurate than
others, they were also included to show the size of errors. Moreover, there may
be omissions of combinations of greater accuracy than those presented. Data
presented establish the position and velocity accuracies for a given number of
position fixes (combinations of two or three observations) and rate of observa-
tion. Accuracies for the better combinations of measurements studied are plot-
ted over the earth-moon region.
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SYMBOLS

direction cosine of line of sight to star with respect to X-, Y-,
Z-axis, respectively; subscripts 1, 2, and 3 are used to refer
to particular stars (see table I)

uncertainty in determining horizon

orbital inclination of beacon

a particular set of earth and moon referenced observations

matrix of partial derivatives of angular measurements with respect
to trajectory variables

onboard optical measurement; subscript 1, 2, or 3 is used to refer
to a particular onboard type of measurement

random error in measurement

number of space angles observed

%

element of matrix ”M“ {AM} *
to,t t

b,

T*

element of matrix [UM“t +
0,

radius of earth or moon

radial distance from earth's or moon's center to beacon

radial distance from body's center to vehicle

time from beginning of region of observation

welght given to one observation

earth-centered, inertial, rectangular coordinate axes

orthogonal components of earth-centered, inertial, right-hand,
rectangular coordinate system

coordinates for trajectory 1 in x, y, z directions

coordinates for trajectory 2 in x, y, 2 directions



XY D7 incremental change or estimate of error in x-, y-, z-component
of trajectory, respectively

é%,é&,é% incremental change in x~, y-, z-component, respectively, of land-
mark or beacon

Ar " root sum square of best estimate of error in position,
1/2
(ax2 + 1y + 222) /
Av root sum square of best estimate of error in velocity,

)1/2

(A&g + 052 + A2
a subtended angle (vehicle-centered inertial coordinate system)

oM matrix of deviations in angular measurements resulting from a
departure from reference trajectory

om deviation in a single angular observation
MM matrix of deviations in actual onboard measurements
X matrix of -deviations of position and velocity in x, y, z directions
DX matrix of most probable errors in position and velocity in x, ¥y,
z directions
5x,8y,bz deviation in x~-, y-, z-component, respectively
€ matrix of errors in measurements
A longitude of landmark or beacon on earth or moon at t4
o} standard deviation
o1 standard deviation of range independent component of the random
error
or root sum square of standard deviations of error in position,
(Ux2 +oy2 + Uzg)l/z
Oy root sum square of standard deviations of error in velocity,
o 5 5\1/2
(0‘}'( + oy + oy >
1) geocentric latitude of landmark or beacon for earth or moon at tg
w angular velocity of earth, moon, or orbiting beacon



Subscripts:

B orbiting beacon of earth or m?on
E earth referenced observation

e earth center

i particular angular observation

J particular colum of a matrix

L landmark on earth or moon

M moon referenced observation

m moon center

o initial point

t time of particular observation i
to initial time of observation

s a particular row of a matrix
meas measured

Notation:

[ ] square matrix

|||| rectangular matrix
{} column matrix

| | absolute value

Matrix exponents:

T indicates the transpose
-1 indicates the inverse
* indicates a weighted quantity

Bar over symbol indicates a vector. Variables separated by commas and in
parentheses are vectors.

Two vectors separated by a dot denote a dot product.



A derivative with respect to time is denoted by a dot over the variable -
for example, dx/dt = X.

NAVIGATTON MEASUREMENTS

The accuracies of various combinations of optical observations available
for midcourse earth-moon navigation are compared in this study. To establish
the accuracies obtainable from a given number of observations and rate of
observation, cases were investigated in which (1) the rate of observation was
maintained constant and (2) the number of observations was maintained constant.
The onboard optical observations assumed available were:

Subtended angle of the earth

Subtended angle of the moon

Angle between the earth's horizon and a star

Angle between the moon's horizon and a star

Angle between the earth's center and a star

Angle between the moon's center and a star

Angle between an orbiting earth beacon and a star

Angle between an orbiting moon beacon and a star

Angle between an earth landmark and a star

Angle between a moon landmark and a star

Azimuth of the earth as measured in vehicle-centered coordinate system

Azimith of the moon as measured in vehicle-centered coordinate system

Blevation of the earth as measured in vehicle-centered cocordinate system

The positions of three stars of the first magnitude, selected for this
study, are given in table I. The directions of these stars form an orthogonal
axis system with the stars approximately 20°, 40°, and 60° to the orbital plane.
This orientation is desirable for accuracy considerations since the star-to-body

angles are sensitive to vehicle motions both in the nominal trajectory plane and
perpendicular to it.

The landmarks used were chosen in the respective equatorial planes of the
earth and the moon and were assumed to lie on the positive X-axis at the begin-
ning of each region. In the sighting in which the moon landmark and beacon were
used, a moon-centered, right-hand, inertial coordinate system was assumed with
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the respective axes parallel to the earth-centered axes. Furthermore, for
simplicity, the moon's spin axis was assumed to be parallel to that of the
earth. The earth beacon and the moon beacon were assumed to be in circular
orbits of 5,000-mile radii and the inclination of each orbit was taken to be
500 with the ascending node on the X-axis. Under these conditions the land-
marks and beacons will not always be visible; however, for this study it was
adequate to assume them to be mathematicgally visible at all times.

The various optical observations were assumed to be weighted according to
the equation W = 1/0, where o is the standard deviation of the corresponding
measurement error.

Tnasmuch as the effectiveness of a particular combination of measurements
is expected to vary for different regions of earth-moon space, each measuring
combination was investigated in six regions as illustrated in figure 1. (The
first and second regions overlap.) In each region, combinations of measure-
ments were made and for the main part of the study these measurements were
assumed to be taken for 4 hours at a rate of 10 per hour (one position fix con-
sists of two to three simultaneous measurements). In reality, for a position
fix the measurements would not be made simultaneously; however, this restriction
does not alter the results of the present study. It was assumed that the tra-
Jectory would be redetermined for each region and that the position fixes were
equally spaced in time. Thus, the position and velocity results for a partic-
ular region are independent of measurements made in other regions. In an actual
mission the measurements made in a given region would probably be governed by
overall accuracy considerations of the entire flight.

A block diagram of the computational program used in this study is given
in figure 2. Six possible sets (K = 0 to K = 5) of optical observations are
avalilable. TIn each set, three types of measurements may be made on the earth
and the same three may be made on the moon. Of the many available combinations
of earth and moon referenced observations, 10 combinations were selected in each
set to be evaluated in each of 6 regions of space. (See table IT.) Thus, for
this study, 360 combinations were analyzed over the earth-moon region. As a
consequence, a shorthand method was devised to represent each case. A three-
digit number was used for this purpose; for example, ¢onsider case 410. The
first digit of case 410 refers to the observation time of 4 hours; the second
digit refers to the set of observations corresponding to the value of K =1
in the block diagram of figure 2; the third digit refers to the particular com-
bination of the six optical observations available in the set for K = 1. In
table IT a list is given of the selected combinations of optical observations
which correspond to the third digit.

In order to facilitate the tabular description of the types of observations
for each case, a set of astronomical symbols was devised. These symbols are
defined as follows:

(:I> subtended angle of the earth



subtended angle of the moon

observation to the earth's horizon

observation to the moon's horizon

observation to the earth's center

observation to the moon's center

@@‘MQV

%&1,%%5,%%5 observation to star 1, star 2, and star 3, respectively
&Zf observation of an orbiting earth beacon
ééy observation of an orbiting moon beacon
(:) observation of an earth landmark
L:D observation of a moon landmark
(:) observation of the earth's azimuth
<:> observation of the earth's elevation
A ) observation of the moon's azimuth
E:D observation of the moon's elevation

The symbols are combined in the appropriate order to describe any particular
combination. For example, the combination composed of the angles of the sub-
tended angle of the earth, of the angle included by star 1, the vehicle, and
the moon's horizon, of the angle included by star 2, the vehicle, and the moon's
horizon for a 4-hour interval of time is case 407 and may be written with the

aid of the astronomical symbols as (:)aeéizﬁ,%%éji.



The L-hour cases for each region and a description of the corresponding
optical angles are given in tables III to VIII.

The computing time required to calculate a 4-hour segment of the trajectory
and the 60 cases by an electronic data processing system was approximately
1 hour, and because of the time required it was decided to analyze a typical set
of instrument errors only (i.e., only one value of o).

THEORY AND COMPUTATIONAL TECHNIQUE

For this study, a right-hand inertial Cartesian coordinate system was
chosen. The origin is defined to be at the earth's center except when it was
required to have origins at the moon's center (calculations pertaining to moon
landmark or orbiting beacon) or at the vehicle's center (for calculating space
angles); for these observations the axes are assumed to be parallel to those of
the earth-centered system. The X-axis is positive in the direction of the mean
equinox at midnight of December 31, 1967 and lies in or parallel to the equa-
torial plane. The Z-axis lies along or parallel to the spin axis of the earth
and is positive in the positive direction of spin. The Y-axis is normal to the
XZ-plane and completes the right-hand system. (See ref. 7 for a further
description of the coordinate system and the trajectory computational
technique. )

Theory

If deviations in position and velocity at some existing time after inser-
tion, to hours, are assumed to be linearly related to those resulting at some
future time after insertion, t hours, then the deviations at time t are
related to the values at time +to by

ox &x

3y oy

Bz oy ;
5% [ = [‘I’]to,t 5% (1)
By 8y
% &2

& t z to

where [é]to t 1s a square matrix (transition matrix) of 36 partial derivatives
J

of each of the trajectory variables Xy, ¥, Z¢» kt, &t, and ét with
respect to each of the variables X.., ¥gos» Ztor Xpos JTior 20d 24y, and



By oy
8z and 6%
Bk %
By By
oz t Bz to

are the column matrices of the future deviations and of the existing deviations
in position and velocity, respectively. In shorter form, equation (1) becomes

.{ax}t = [olyo ¢ {85} 40 (2)

For the sighting in which optical measurements m; are made (where the

subscript i dindicates a particular angular measurement - that is, subtended
angle, azimuth, etc.), the deviations resulting from a departure from the ref-
erence trajectory at t hours are related to those at +to hours by

\ om.. .
amj',t &xyy + dYto + 1t Bzt + ar.'ﬁ’t
*to to Oz, Xto

om; ¢ ke

omj ¢ =

an. [ ) am‘ -
* -1 . 6yto + -1 t tho
to Oz

where the partial derivatives of the measurement with respect to the individual
components of initial velocity and initial position are assumed to vary linearly
with respect to the trajectory variables. Thus,

{ou}y, - Mleo < {82 } 4o (3)

where {ﬁM} t is the column matrix of the measured deviations in the angle

my, mp, and mz referenced to the earth and moon and "M”to,t is the rectan-

gular (n by 6) matrix of the partial derivatives of the measurements with
respect to the trajectory wvariables.

It will be assumed that the navigation system will make n optical obser-
vations at a known rate for each region. Because of instrument errors, and so
forth, the observations will be in error. Equation (3) implies that each obser-
vation has zero error. Therefore, the matrix equation relating the observations

to the unknowns becomes
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o

{AM}t = “M"to,t {Sx}to + {e}t (4)

If the matrix of errors {F:}t is assumed to be random with Gaussian

distributions having a zero mean and a variance of 02, and not being correlated,
the most probable value of the unknowns (denoted by {;x}>to) is obtained by

weighting each of the n observation equations by multiplying by the reciprocal
of the corresponding standard deviation o of the measurement error and solving
the resulting system for those unknowns which minimize the sum of the squares

*
of the weighted residuals. If the weighted observations are dencted by {£W£>t
*
and the weighted observation coefficients by ”M”to,t: the most probable value

of {5X>'to (denoted by ‘ {AX} to) is (according to ref. 8):

-1

(8 g = (Mg il o] IhlEs g (o) g (5)

Besides the inherent inaccuracy of the instrument, those measurements
which involve the observation of a single horizon have an additional instrument
error due to the horizon uncertainty. The standard deviation of the total
error in a horizon measurement is expressed as

' 2
2 G
0. = \| 05 + —F—nr (6)
1 \/ I r2 - R2

where o1 represents the instrument error, a2 represents the variance o2 of

the error due to horizon uncertainty, r is the distance from the vehicle to
the body's center, and R is the mean radius of the body.

Computational Technique

The reference trajectory utilized for this study is a fairly low-energy
earth-moon trajectory such as would be used for a circumlunar trip or a lunar
landing. The assumed launch date is March 18, 1968, and the time of closest
passage to the moon is about 70.6 hours from earth injection. The spacecraft
trajectory was generated by using a seven-body (earth, moon, Jupiter, Venus,
Mars, sun, spacecraft) trajectory computational program based on Encke's per-
turbation technique. (See ref. 7 for details of the program and ref. 9 for
details of the trajectory.) A three-dimensional plot of the referegce trajectory
is shown in figure 1.
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Eight trajectories and the optical-measurement angles at the respective
time points were computed in accordance with the block diagram of figure 2 (see
the appendix for the equations for the angles corresponding to the various opti-
cal observations); trajectory 8 is assumed to be the actual trajectory traversed
by the spacecraft and trajectory 1 is the nominal or reference trajectory. The
remaining six are the disturbed trajectories (a trajectory that differs from
the reference trajectory by a small increment in one of its parameters) used to

compute the partial derivatives in the matrices [ﬁﬂto,t and “M“to,t-

For the method chosen to compute the elements of [bjto,t and ”M”tO,t:

the assumption is made that the disturbances are sufficiently small to allow,
for example, the approximation

th ~ (Xt)disturbed - (Xt)nominal
axt (o] A)(t o

Thus, subtracting the parameters of trajectory 1 from those of trajectory 2
and dividing the result by Axt, yields th/axto, ayt/éxto, th/axto,
Bkt/axto, ayt/éxto, and Bét/axto. Similarly, the elements amlJE)t Oxtg 5
ame,E,g/éxto: 5m3,E,g/aXto: aml,M,q/éXto; ame,M,q/BXto: and amB,M,q/5Xto of

”M”to,t are computed. The remaining elements of the matrices [é]to,t and

”M"to,t are calculated from the parameters of trajectories 1, 3, 4, 5, and 6
and Ayipos OZtos OXtor, AVtos and Aiyg. (See ref. 10 for a discussion of the
transition matrices and their linearity.) For this study,

Dxyy = Oyio = D2y = 1.6093440 km  and Akp, = AVyo = A2y = 0.003048 km/sec

were assumed.

In order to study a navigation scheme, isotropic deviations from the nom-
inal of &x = 8y = ®z = 9.6560640 km (Ar = 16.724795 km) and of
5% = 8y = 82 = 0.006096 km/sec (Av = 0.010558583 km/sec) were assumed to exist
in the initial position and velocity components, respectively, for the purpose
of computing the actual vehicular trajectory. The procedure is briefly as fol-
lows: A region was chosen on the reference trajectory and the transition matri-
ces were computed; the actual path taken by the vehicle was then calculated; a
particular combination of optical observations was assumed and the appropriate
measurements were computed for the various points of the actual trajectory;
measuring errors were generated by a Monte Carlo method for a prescribed stand-
ard deviation ¢ and added to the measurements to simulate actual onboard
observations; and the data were weighted proportional to l/c and statistically
reduced by equation (5). The procedure was then repeated for another combina-
tion of obsearvations.
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The star-to-horizon and angular-diameter (half-angle) measurement errors
were assumed to vary with range. For the star-to-landmark or star-to-beacon
and star-to-body-center measurements the error was assumed to be constant with
range, the standard deviation of error being 5 X 10-5 radian (approximately
10 arc-seconds).

For the star-to-horizon and angular-diameter (half-angle) measurements, the
variance for the earth measurements (in radians squared) was assumed to be

o2 = (5 X 10-5)2 PN S (72)

and for the moon measurements to be

g2 = (5 X 10-5)2 + 9-2 (7o)

RESULTS AND DISCUSSION

The results shown in tables IIT to VIII illustrate the accuracies obtain-
able from the optical navigation scheme for numerous combinations of various
optical measurements. In figures 3 to 11 the results for some of the better
combinations are shown.

Convergence of Mean of Measurement Error

Measurements were, in general, made at a fixed rate in particular regions
of space for varied lengths of observing time (in hours). To these measure-
ments, errors were added to simulate actual measurements and the resulting data
were reduced to obtain the initial position and velocity error estimate at the
beginning of each region.

Figure 3 shows both the error and the mean of the error in measuring the
earth's subtended angle. The measurements cover the 4-hour interval beginning
at earth insertion (t = 0) and are presented to show the behavior of the random
measurement errors. The errors are seen to follow a trend, as would be expected
from equation (7a). Near the earth the second term in equation (7a) is large
(corresponding to a large value of o); hence, the errors start with large val-
ues and then decrease rapidly to values which approach a constant value of ¢
(5 X 10-5 radian). Results similar to those shown in figure 3 are obtained for
measurements of angles between the earth horizon and stars in this region,
starting at t = 0. For the other intervals and for the other types of measure-
ments, the errors have a constant value of o; thus, the initial values for the
error and mean of the error would be lower than those shown in figure 3.
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Convergence of Standard Deviation of Estimate

Figure 4 shows the convergence of root sum square of the standard devia-
tions (root sum square of the standard deviations of the components) of the
position and velocity error estimate as the number of measurements is increased.
For this figure, a constant number of measurements was made per hour (25 combi-
nations of observations per hour); however, the observing time is increased.

It is evident that both the position and velocity estimate become more accurate
as the period is lengthened. Also, the accuracy of the velocity estimate
improves more rapidly than the position estimate with an increase in the inter-
val of time over which the observations are made.

Since not only the total number of observations but also the interval of
time over which the observations were made increases in figure 4, it is impos-
sible to determine from these plots which variable is causing the increase in
the accuracy of the estimates. Figure 5(a) shows the convergence of the stand-
ard deviation of the estimates as the number of measurements is increased and
the time interval of observation is maintained constant at 2 hours. In fig-
ure 5(b) the convergence is shown as the observing time is increased and the
number of observations is maintained constant at 40. It is evident from this
figure that the standard deviation of the position error estimate for this com-
bination of measuring instruments is a function of the number of measurements
made and practically independent of the time rate of observation. However, the
standard deviation of the velocity error estimate is a function of both the
number of measurements and the rate of observation.

The standard deviations of the position error estimate and of the velocity
error estimate improve slowly after about 40 position fixes (120 observations).
After 4 hours, the standard deviation of the velocity error estimate will not
improve greatly. Consequently, the results to be given in figures 6 to 11 per-
tain, for the most part, to a L-hour observation period during which 40 indi-
vidual combinations of 2 or 3 observations are made.

Estimated Error in Position and Velocity

In figure 6 the estimated error (root sum square of the components) in the
position and velocity is plotted as a function of the total number of position
fixes made (at a rate of 25 fixes per hour). The actual root sum squares of
the errors given to the position and velocity vectors were 16.724795 km and
0.010558583 km/sec, respectively, and are shown as dashed horizontal lines in

figure 6.

Figure 6 shows a random variation of the estimated errors in the position
and velocity for the 4-hour measuring interval beginning 20 hours after inser-
tion. If reference is made to figure 4, it will be seen that these random var-
iations of the estimates are less than the standard deviations of the estimates.

In figure 6, the velocity error converges to the true value much more
rapidly than the position error. The position error converges slowly for the
first 30 to 40 groups of observations; whereas, the estimates of the velocity
error converge quickly for this number of position fixes. Since one combination
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of observations is completed at the end of every 0.04% hour, 1.6 hours will have
elapsed after 40 observations. From the results of figure 5(b), it is seen that
the rapid initial convergence of the velocity estimate occurs within this period
of 1.6 hours.

Even though the estimated errors in position and velocity have not con-
verged sufficiently after 40 combinations of observations for satisfactory esti-
mates of position and velocity, an increase in the specified number of 40 will
not change the results of this report since the standard deviations have con-
verged sufficiently (as evident from figs. 4, 5, and 9).

Accuracy of Various Measurement Combinations

In figure 7 the standard deviations of the position and veloecity estimates
for cases 400, 410, 430, 434, 438, and 439 are shown as a function of the radial
distance from the earth's center. Smooth curves were drawn connecting the var-
ious values of or and oy of the individual cases in order to show the vari-

ations more clearly. Cases 400, 410, and 430 are seen to start with small
standard deviations and increase rapidly. In these cases, all measurements are
made on the earth. Cases 43k, 438, and 439 are the more accurate except for
approximately the first 120,000 km. In these cases, all the position fixes are
determined by measurements on both the earth and the moon.

The results shown in figures 8(a) and 8(b) are for cases which depend
heavily on star-to-landmark and star-to-orbiting-beacon measurements. The
curves are seen to have a wide variation. In general, the combinations which
give the more accurate results over the greatest radial distance are those that
involve the subtended angle of the earth (cases 440, 443, and 450). Since the
remaining combinations contain the observation of the moon's subtended angle,
greater accuracy near the moon is obtained with these observations.

At close earth range, using the star-to-landmark measurement results in
much higher navigational accuracy than using the star-to-horizon measurement.
(Compare cases 401 and 441 in table ITI.)

In figure 9 the root sum square of the standard deviation of the position
and the velocity estimates for several of the more accurate combinations are
plotted as a function of the number of hours of observation. The standard
deviations are shown for the more accurate combination in each of the six
regions studied. For the region beginning at insertion, t =0 or
r = 6,45 km, the most accurate combination (case 410) consisted of the sub-
tended angle of the earth, the azimuth of the earth, and the elevation of the
earth. (See table IIT.) This accuracy is equivalent to that obtained using
angular diameter and two stars to body center since at least two stars must be
sighted to aline the inertial platform used as a reference for azimuth and
elevation. For example, case 410 (angular diameter, azimuth, and elevation)
gives about the same accuracy as case 420 (angular diameter and two stars to
body center). The contribution of angular diameter to the accuracy is small
and these results are similar to those obtained for cases 411 and 421 where
two-stars-to-body-center, elevation, and azimuth measurements are involved.

15



For the region beginning 1.5 hours after insertion, r = 31,704 km, the
most accurate combination (case 430) consisted of the observation of the angles
between the earth's horizon and three stars, as seen from the vehicle. (See
table IV.) For the remaining intervals beginning 10, 20, 40, and 52 hours after
insertion, the most accurate combination (case 439) consisted of the observa-
tion of the angle between the horizon of the earth and a star and the angles
between the horizon of the moon and two stars. For cases 437, 438, and 439,
which are identical except for stars selected, it is indicated in tables IIT
to VIII that star selection is important.

No attempt was made to determine the optimum star locations for a glven
navigation system. However, the stars were selected to be approximately 20°,
4o®, and 60° to the orbital plane; these angles thus gave fairly good measure-
ment response to vehicle motions in the nominal trajectory plane and perpendic-
ular to it.

In figure 10, the root sum square of the best estimate of errors for cases
410, 430, and 439 are plotted as a function of the number of hours of observa-
tion. The position fixes were made at a rate of 10 per hour and, as stated
previously, the root-sum-square values of the vehicle actual position and veloc-
ity deviations from the nominal trajectory are 16.724795 km and
0.01055858% km/sec, respectively. The random curves of figure 10, in general,
do not converge to the true errors. The curves for the 40-hour and 52-hour
regions in figure 10(a) have a larger estimated deviation from the true error
after 4 hours of observations than after 1 hour of observations. If reference
is made to the standard deviations of the position and the velocity errors of
figure 9, it can be seen that the random variation of the estimates of figure 1C
lie well within the limits of the standard deviations.

In figure 11, the results of figure 9 are plotted as a function of the
distance from the earth's center. The curves give a clearer picture of the
variation of the convergence of the standard deviation (as observation period
increases) over the earth-moon range. The standard deviations of the different
combinations are drawn on a smooth curve; however, this does not mean that the
standard deviations of the better combinations for other intervals will also
lie on this curve. Two characteristics distinguish the curves of figure 11:
the curves exhibit a maximum in standard deviation at r = 120,700 km (approxi-
mately 16 km for position and 0.0015 km/sec for velocity) and approach a
limiting curve (along the entire distance) with an increase in the observation
time.

SUMMARY OF RESULTS

On the basis of a standard deviation in instrument error of about 10 arc-
seconds (except for horizon-type measurements near the earth or moon), the
results of this study may be summarized as follows:

1. An observation period of U4 hours, during which approximately 40 position
fixes were made, statistically determined vehicle position and velocity in space
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within approximately 16 km and 0.0015 km/sec, respectively, in all reglons of
earth-moon space.

2. Certain combinations of observations were more suited for position and
velocity determination in a particular region of space than others. The better
of these combinations of observations studied are as follows: (a) Near the
earth, the combination of optical measurements of the earth's angular diameter,
a21muth and elevation (or equivalently angular diameter and two stars to body
center) was most accurate. The contribution of angular diameter to the accuracy
in this region was, however, small and the use of only azimuth and elevation or
two stars to body center gave approximately the same results. (b) For the
region beginning 1.5 hours after insertion (a radial distance from earth's cen-
ter to vehicle of 31,704 km), the most accurate combination consisted of the
observation of the angles between the earth's horizon and three stars as seen
from the spacecraft. (c) For the remainder of the trajectory up to the moon's
sphere of influence, the most accurate combination consisted of the measurement
of the angle between the horizon of the earth and one star and the angles
between the horizon of the moon and two stars. In the terminal region within
the mcon's sphere of influence, measurements made solely on the moon would be
expected to be of the highest accuracy. Results are not presented for this
region; however, the results should be somewhat similar to those obtained by
using measurements made on the earth at close range.

5. Because of the horizon indefinition at close range, the star-to-horizon
measurement is much less effective than the star-to-landmark measurement.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 16, 1964.
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APPENDIX

Equations for Angles Corresponding to Various Optical Observations

The computer program used to obtain the spacecraft's position and velocity

is outlined in figure 2.

It is shown that a group of
urements used to determine the vehicle's position and

by the value of the computer logic control parameter

six measuring types,

number of 1 to the measurements desired.

eliminate the measurement from the computations.

18

another combination was selected
A welghting

Th

K.

six types of onboard meas-
velocity could be selected

Within this group of

by assigning a weighting
number of zero would

e equations for the meas-
urements as outlined in figure 2, for the various values of K, are given in
the following table (the coordinates of the earth and moon center are measured
in a vehicle-centered axis system):

K=0 K=1 K=2 K=73 K=
R R ay,01,01) - (XesYesZe R
my g|sta-t T sin-l = otn-1 2 cor-t L2701) - (e ’/2) - aglatal .
, 1/2 1/2 1 1/2
(162 + ve? + 22)7 (ne? + 762 + 2e2)"7 (xe2 + v22 + 242)"/ (xe2 + 722 + 762) (5e2 + ¥e2 + 2.2)
~
L (Buvase) - (reuvesze) L : L (Budner) - (revesze)| | (Raibaics) - (xewvesze) L (ueue) - (e v Bpve + Bgyze + By)
e — - sin~ CO8™ - COB™ - cos”
mp, g cos » )1/2 °E ( . 2., 2)1/2 (x 2,924 2>1/2 (x 2y fas 2)1/2 og 2 » a2
("e +ye? + g Xe Ye e e Ye e e e e (Xe . &E) . ()'e . &E) . (Ze . &E)
,
(o) - (rovend | o (o) - (o) | (eawey) - (oo | (sabeca) - (re * e+ Bpine v )
= = - - ICOB’ - ces -
3,E(°98 72 o 2 2. . 22 s .2, 22 ¢ 12|
(xe2+ye2+zee) (xe + ye' +ze) (xe + Ve +ze) A2 2 2
(e + Bg) + (ve+ &) + (e + £Lx)
8y,b15¢7) * ( Xmo¥ms2zyg
my y|sin-l Rt 7 sin-1 R ~ sin-1 B 72 cos-1 M~ 1/2) - ay(sin~l i 7
, 1/2 1/2 y
(xmz + R+ ,_me) (xmz + oyl zme) (xmz +yg? + Zme) (xmz v+ Zmz) (xm2 -yl zmz)
|
[ !
V!
(ﬂl,bl,cl) . (xm,ym,zm) n (ﬂl,bl,cl) . (xm,ym,zm) (ngbz;cg) . (xm;ywz’n) . "1’ 1,zl + Bayyovm + Koz + &M/ ‘
my y[cos-1 ——_»/ - ay[sin-1 / cos—1 Y cos 1l A = W p " ay |cos™ e
’ 1/2 1/2 1/2 \LY
(xmg +y2 + zmz) <xm2 +ygf + zm2) (xmz + ¥+ oz ) (xm + oyl + zmg/ ¥V
xm + Ky +ym+&M/+z,m+AzM/
I ~
(82/22:%2) -+ (*0:¥ms7m) Ya O S R (25:95005) - (%ms¥mizm) ag:bz:%/ <*-m ot By + sz)
M3 g jcos~l ——— — " - gyftan-1 B cos- = llees-l 2T M N - ay [cos-1
2 2,2, , 2 2, 2, 2\ 2, .2, 2% 2)%/2
(Xm + ¥y +7'm) (xm +ym+2m) (xm + ¥ +7-m)
* m+&M %*MM
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The incremental changes A;, A&, and AE in the equations of the fore-
going table pertain to motions of the orbiting beacons and landmarks of the
earth or moon. The orbiting beacon is in a circular orbit of radius Rg and

inelination i. The ascending node of the beacon's orbit is on the X-axis. The
landmarks are at latitude ¢ and at incremental longitude A with respect to
the X-axis at time zero. The spin axis and equatorial plane of the moon are
assumed to be parallel to those of the earth and the selenocentric x, y, =z
coordinate system is assumed to be parallel to the geocentric system. Occulta-
tion of either the landmark or the beacon was assumed not to occur. The equa-
tions for the geocentric and selenocentric motions of the landmark and beacons
are tabulated as follows:

Coordinates or landmarks Coordinates or orbiting beacons
A;E = Ry cos ¢E cos(wEt + %E> é&E = Rp,E cos(@sJEt + As,E)
A
Ayp = Ry cos ¢E sinQpEt + KE) é&E = RB,E sianS’Et + AS,E>cos ig
/N A\
Azgp = Rg sin ¢g Azp = Rp | sin(eg,Et + KS,EDsin ig
e
AXM = RM cOos ¢M COS((IMt + 7\M) &M = RB,M COS<wS,Mt + 7\S,M>
Fa I\
Ayy = Ry cos By sin(aMt + )\M> Ky = Bp sin(cns,Mt + xs’M)cos iy
A A
Azy = Ry sin ¢M Azy = RB,M sin(mg,Mt + KS,M>sin im
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TABLE I.- POSITIONS OF THE THREE STARS SELECTED FOR OBSERVATION

Direction cosines Angle from orbit
Star plane to
a b c star, deg
1 0.01399381 0.00779046 7 0.99987181 60.4
2 .20296362 .96862563 -.14341166 -37.2
3 .83337690 -.24004237 -. 49741920 -21.0
TABLE II.- SELECTED COMBINATIONS OF ANGULAR OBSERVATIONS
Observation Angles to be observedﬁ
combination
m,E s E n3 w m M mo M m3 M
0 X X ).
1 X X
2 X X X
3 X X X
L X X X
5 X X X
6 X X
T X X X
8 X X X
9 X X X
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TABLE TII.- ROOT SUM SQUARE OF STANDARD DEVIATTIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR EACH COMBINATION FOR THE REGION O HOUR AFTER INSERTION

Case Description of observations Ar, Im or, km Av, km/sec oy, km/sec
koo (} %1 O *, O 21.566507 k.625866 1.257791 x 1072 3.982808 x 1073
ko1 * O ¥, O 34.451832 19.365951 2.664854 x 102 16.995629 x 10-3
L ko2 * O % O » 13.552697 19.343338 0.857077 x 1072 16.975681 x 10-3
ho3 O * O D) 18.175933 5.020955 1.162413 x 10-2 k.249581 x 10-3
T uoy O *, O *0D 22.084643 4.949835 1.450771 x 10-2 1571649 x 10-3
ko5 } *1 j *2 j 79.637889 53.729116 3.519477 x 10-2 37.778761 x 10-3
Loé X1 D) D) 45.715755 56.399388 3.201988 x 10-2 38.050311 x 10-3
kot D) * ) 18.837927 5.631483 1442097 x 10-2 5.286241 x 103
408 *¥ O » D)) 11.964933 30.705727 0.979655 x 10-2 27.597659 x 103
409 * O >» D) 80.683814 62.840871 8.119767 x 10-2 54.519309 x 10-3
k10 O ® ® 16.626632 0.530105 1.077589 x 10-2 0.663619 x 10-3
411 ® ® 16.775490 0.568877 1.050975 x 10-2 0.72304k x 10-3
12 ® ® » 16.819845 0.568856 1.07123% x 10-2 0.7230143 x 10-3
413 @ @ @ 15.765453 1.778232 1.0433956 x 10-2 1.980917 x 10-3
L1k O> @ @ 18.67183%8 2.039918 1.138237 x 10-2 2.946561 x 10-3
415 ]D E) ,D 20.345974 31.151486 1.554831 x 10-2 20.985181 x 10-3
416 E) 1)) 143.6139%4 32736062 2.378750 x 10-2 21.491321 x 10-3
k17 O> E) A) 15.761566 5.571237 1.281333 x 10-2 5.5672kk x 10-3
418 ® )> A) 17.341454 10.249433 1.286297 X 10-2 15.975636 X 10-3
k19 @ )> E) 18.236058 2.3444430 1.145750 X 10-2 3.368574 X 10-3
20 @ *1 {i} Kz Q} 16.895178 0.764589 1.028771 x 10-2 0.978503 x 10-3
421 ¥ {P ¥ 16.319468 0.961127 1.095465 x 10-2 1.298651 x 10-3
hop ¥ {B ¥ & » 16.701724 0.961075 1.035408 x 10-2 1.298571 x 103
L3 O 3G {B % 17.422390 1.840690 1.111813 x 10-2 2.265754 x 10-3
hol O % {i} ¥ D 17.089782 1.350038 1.136623 x 10-2 2.294102 X 103
k25 > * s ¥ I 81.126894 5%.929503 3.637823 x 10-2 37.170721 X 103
hog * } 9(‘2 } k4. 586362 58. 401922 3.081336 x 10-2 37.476987 X 10-3
—~ \/ = IV A

= FAAte

Ciafee R D

- et e o ma R




¢e

k28 & > * D 15.654018 7.929552 1.206477 x 102 12.890363 x 10-3
429 -@ > G Y 15.457845 2.645002 0.818720 x 10-2 4. 434839 x 10-3
430 O O % O 15.067736 2.926790 1.026437 x 1072 2.637337 x 10-3
431 O O 16.596394 4.20335h 1.205681 x 10-2 4.142905 x 10-3
432 G U X1 'j 20.169879 4. 106468 1.294351 x 10-2 4,015841 x 10-3
433 G G s jj 2&.200&;9 13.195367 1.599003 X 10-2 11.068702 x 10-3
L3k O O X5 D)) 18.434113 3.311627 1.063626 x 10-2 3.095191 X 10-3
425 7 _)7 %3 j bl 591443 28.084770 1.983575 x 10-2 20. 417274 X 103
436 D) D) 22,95982k 35.507708 2.553652 X 10-2 22.628109 X 10-3
437 O j ¥ —j 23.565734 i7.933358 1.43351% x 10-2 14.428650 x 103
438 O D) X5 D) 12.459890 22.246677 0.815412 x 10-2 19.249531 x 10-3
439 O D) % ) 17.762484 5.258538 1.027983 x 10-2 5.858241 x 1073
Lho @ X5 @ 16.902750 1.552342 1.023847 x 10-2 1.849464 x 10-3
b1 X, © © 16.168658 2.555888 1.052293 x 10-2 3.214870 x 10-3
L2 ) ® > 16.916087 2.555565 1.099527 x 10-2 3.214430 x 10-3
143 O ® X, D) 17.905101 2.508537 1.134891 x 102 2.828998 x 10-3
Ll O @ X1 ) 16.759131 2.088958 1.08770% x 10-2 2.915048 x 10-3
45 » L) ¥ 2 L) 92.318692 5k .685419 $.932995 x 10-2 36.479919 x 10-3
446 X1 D) L) 38. 462844 58.465865 2.853853 x 10-2 36.831482 x 10~3
L7 L) ) 18.567652 5.626562 1.423811 x 10-2 5.277380 X 10-3
148 »> X, L) 14,587563 7.302003 0.848795 x 10-2 11.171733 % 10-3
39 > ., D 15.287832 5,61061k 0.85%073 x 10-2 7.801853 X 10-3
150 o) X, 17.143863 1. kk3ho2 1.029481 x 10-2 1.619968 x 10-3
51 g 15.997641 1.67110k4 1.055024 x 10-2 1.945468 X 10-3
Ls2 @) > 17.05k4Th 1.671040 1.083555 X 10-2 1.945377 X 10-3
453 @ -, F 17.984782 2.289578 1.181242 x 10-2 2.424969 x 10-3
L5k o X1 F 16.89Lko1 2.085485 1.065328 x 10-2 2.354483 x 10-3
455 ¥ K2 72.62161% 49.7805k7 3.206012 X 10-2 36.741663 x 1073
456 @" 38.8373594 50.958579 2.979893 x 10-2 36.895845 x 10-3
457 ¥ o 18.645092 5.620894 1.419135 x 10-2 5.244855 x 103
458 )> *5 ? 17.199069 3.016118 1.121802 x 10-2 3.,278488 x 10-3
459 » *1 % 18.599554 2.894006 1.318647 x 10-2 3.429543 x 103
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TABLE IV.- ROOT SUM SQUARE OF STANDARD DEVIATIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR EACH COMBINATION FOR THE REGION 1.5 HOURS AFTER INSERTION

Case Description of observations Ar, km or, km Av, km/sec oy, km/sec

400 @2 x*y O ¥ ) 27.68200 8.966267 0.856096 x 10-2 1.706967 x 100
401 %1 O *, O 145.71660 109.43925 0.380660 x 10~2 10.804765 x 1073
Lo2 -*, C *, O > 75.068823 108.453726 0.578901 x 10-2 10.710892 x 1073
403 | = ¥ O D)) 24.858376 10.917870 1.043529 x 10-2 1.779130 x 1073
Lok @ ¥, O D) 23986374 10.5448% 0.913740 x 10-2 1.857682 x 1073
105 D X, 0 ) 20.85629% 527.801164 2.049812 x 10-2 51.616664 x 1073
406 ¥ Y Kp D 40. 229055 348.551418 0.302509 x 10-2 56.642405 X 1077
K07 O * ) 52.278212 12.887047 0.772357 x 1072 1.931276 x 1073
408 *, O ™ v D)) 207.415908 178.841361 1.231454 x 1072 23.067498 x 1073
409 *2 O > *1 D k9. 466887 257.125358 0.660853 x 102 29.363386 x 1073
410 C ® ® 15.565157 5.535017 1.095085 x 1072 0.9179006 x 107>
411 @ @ 156.059990 65.862706 1.483596 x 1072 3.763290 X 1073
ki ® ®) > 46.120252 63.977076 0.9984kk  x 10-2 5.662706 x 1073
413 o> ® 5 21.629588 8.942545 1.058705 x 10-2 1.653891 x 10-3
L1k @ ® B 23.837520 7.329307 0.903136 x 10-2 1.052005 x 10-3
415 > Ez A 124.298612 L2, 729183 0.301759 x 10-2 63.454799 x 10-3
416 B) £ 154.545477 496.179986 2.340387 x 10-2 70.709228 % 10-3
L7 O B A) 29.645913 10.32978L 0.825610 x 10-2 1.753863 x 103
18 ® > 5 50.017752 45.339168 1.690503 x 10-2 16.806577 x 10-3
119 A > ), 45.883598 64.258658 0.971464 x 10-2 5.586922 x 1073
1420 O v, Ql s @ 26.805802 7.693239 0.834747 x 10-2 1.548820 x 103
421 X, 6} X5 £= 178.438832 209.16858 1.446981 x 10-2 15.073118 x 1073
k22 *1 6\- s > 70.875389 158.60523 1.178956 x 10-2 11.65039 x 10~3
L3 % Ky {1} Sy T 2k . 309709 10.202899 1.035977 x 10-2 1.727298 x 103
hoh o> e Q‘ Yoo 25.025256 9.705820 0.8831%2 x 10-2 1.7877%7 x 1073
425 > Xy = ¥ P 317.00808 381.71298 6.426524 x 10-2 57.692773 x 10-3
426 Xy X, = 36.181933 41647367 0.295685 x 10-2 63.66779 x 103
b2y O *, 0T My ¥ 52506280 12.86167% 0.773988 x 10-2 1.924788 x 10-3




o

428 +#, & s T 42, 485426 58.590800 1.032309 x 10-2 22.441510 x 10-3
429 K5 ﬂ} > - B 67.664722 50.546814 0.39889% x 10-2 9.495816 x 103
430 4 0O Fo D x5 O 15.683165 3.186399 1.164889 x 10-2 0.648l13 x 10-3
y51 ey D) 3 @) 55.104510 18.592758 1.371291 x 102 2.012605 x 103
432 Y O o O * D 28502443 13.297748+ 1.123570 x 10-2 1.597537 x 10-3
433 +* O x, ) x5 b 10.736080 10.019628 1.147839 x 10-2 1.1483873 x 10-3
U3k -~ O > S =) 15.513604 10.076992 0.915562 x 10-2 1.358458 x 10-3
L35 > T x5 D) 457.592520 275.557432 5.316490 x 102 39.649360 x 1075
436 ) — 2 390.369208 310.981015 7.198395 x 10-2 46.957518 x 10-3
437 X CT 5 - %*—5 ) 42616784 23.956218 1.820013 x 10-2 %,748911 x 10-3
438 %2 (‘j v _‘_ —)¢5 T 160. 365552 48.064190 0.448815 x 10-2 5.749779 X 10-3
439 3 O e *u T 33, 7568897 11.50868k 1.12kko9 x 10-2 1.248368 x 10-3
Lo > ¥ I +» @© 26.53u864 7.232029 0.837184 x 10-2 1.4184195 x 10-3
by %1 N 5 D 207.792971 102. 749683 1.383071 x 10-2 7.918697 x 10-3
442 5, D S D » 66. 4135042 9l 4ok280 1.235134 x 1072 7.32824k x 1073
443 > EatE O *, ) 24.093811 9.980170 1.033238 x 10-2 1.714305 x 10~3
Lk C> s I 1 r;, 27.286910 9.372546 0.845330 x 10-2 1.702670 x 10-3
15 > D X, I 218.87595k 455.878746 5.407770 x 10-2 72.310b0k x 10-3
446 ¥ D 7% T 195950400 516.351295 2.386233 x 10-2 85.097894 x 103
L7 O - L, %(—2 7] 32, 45451k 12.87713k 0.772770 x 10-2 1.924663 x 10-3
148 * @ > <, 0 33.957965 34.805045 0.566k04 x 10-2 18.340237 x 10-3
kg *, @© > X D 52.,874620 30.976750 0.612292 x 10-2 8.026716 x 1073
450 > x L ¥, 27.340686 6.325510 0.795284 x 10-2 1.282473 x 10-3
451 * T x, 14510489 9.556467 1.163286 x 10-2 1.968314 x 10-3
u52 %l Q %2 g > 22.733593 9.557525 0.849702 x 10-2 1.967835 x 10-3
153 O -+ ') o 2y 22.141164 8.800987 1.079967 x 10-2 1.559100 X 10-3
45k (} %2 fj %l ?ﬂ 22,45968% 8.33466k 1.008794 x 10-2 1.544259 x 10-3
455 > %l 97 ~*5 & 18.893578 369.204950 1.849530 x 10-2 18.558897 x 10-3
456 *1 o7 v fz? 275.406974 411.241353 2.21468% x 10-2 51.701465 x 10-3
457 ¥ 2F ¥ @ 32.260266 12.888592 0.774128 x 10-2 1.916035 x 10-3
1458 *1 Q7 e > gf 30.960721 14.844155 0.908026 x 102 3.190347 x 10-3
459 > 5 g > x1 & 39.294054 19.672299 0.738714 x 10-2 3.394831 x 10-3
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TABLE V.- ROOT SUM SQUARE OF STANDARD DEVIATIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR EACH COMBINATION FOR THE REGION 10 HOURS AFTER INSERTION

Case Description of observations Ar, km oy, km Av, km/sec oy, km/sec
hoo O> %1 @) ‘X‘g G 38.301951 56.854837 0.906633 x 10-2 6.960940 x 103
boL *1 O %2 O k22.398292 547.808563 1.836516 x 10-2 51.779673 x 10~3
Loz * @) *p O 102.695871 | 206.840793 1.582891 x 102 21.281700 X 103
ko3 O> _X‘l G K5 5 ! 60.058793 46, 773955 0.866553 x 10~2 6.478360 X 10-3
| hok o %> O *1 D) 88.001663 83.764696 1.533121 X 1072 12.954407 X 10-3
405 » XD %2 D) 527.881794 342.171029 4.660214 X 10-2 43.399807 X 10-3
L w6 | Ky D) D) 73.206303 460.876483 0.429294 x 10-2 77.388762 % 103
o7 1 e -*1 D) *5 D) 51.540371 51.615549 0.315615 x 10-2 7.169690 x 10-3
w % O > ¥, D §71.682971 219.037638 0.778039 x 10-2 30.357268 x 10-3
wo | %, O o > ¥y D 210.6k7278 297.187949 1.568832 x 1072 18.0k926k4 X 1073
410 O ® ® ‘[ bo.1k5599 | ho.939030 0.7484k2 X 1072 5.501927 X 1073
b ® ® | 5058136k 697.040811 3.317858 X 10-2 19.19816% x 107
2 ® | ® r 178.528730 289.336281 0.677716 x 10-2 15.100490 X 10-3
3 o \ ® ) 75.318618 49.568072 0.680954 X 10-& 6.863660 X 10-3
Lk o \ ® E) 45.378369 41.461710 0.645902 X 10-2 5.544586 X 1073
45 > ) ) 396.483122 337.477618 1.247111 X 10-2 38.019658 X 10-3
6 ) D 70. 724677 469. 427459 1.046209 X 10-2 48.206789 X 10-3
M7 o B) ) 58.896087 50.681736 0.430988 x 10-2 7.025316 x 10-3
8 ® > D) 147.076574 306.34360% 2.422772 % 10-2 32.226927 x 10-3
9 ® > E) 280.525895 286.836515 0.834150 x 10-2 13.796920 x 10-3
420 o *1 X2 Q} 67.317646 148.578139 0.981043 x 10-2 6.391901 x 10-3
k2l *1 > X2 < . T66.798439 530.115902 15.046966 x 10-2 134.599154 x 10-3
ka2 K1 > % 2 @ » ! 31.106342 388.582385 2,436187 x 10-2 52.626510 x 10-3
423 o K1 D *2 >a 63.351746 48.159931 0.826178 x 10-2 6.67539 x 10-3
pans o X2 {B *1 > 82.806628 90.193946 L.457532 x 10-2 12.523592 x 10-3
425 > X1 I * 2 > 495.1434635 381.873803 4,280417 x 10-2 15.818107 x 10-3
426 LT K2 > 245.851517 600.696725 0.748953 x 10-2 79.25504k x 103
ket o x4 > Ky I ¢ s5h.123809 51.238470 0.296101 x 10-2 71.048059 x 10-3
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428 * T > X5 > 55k, 194585 321.699803 1.601397 x 10-2 36.058368 x 10-3
429 %2 —6} > %l > 239.783549 307.296818 1.483431 x 10-2 16.2172142 X 10-3
430 7vV1 G ¥ U %5 U 13.96771k 32,245959 1.457202 x 10-2 4,488138 x 10-3
k33 X5 O - 3 G 352.072614% 541.585970 1.688747 x 10-2 20.872793 x 10-3
432 X5 O %3 O %1 'j 16.359698 28.250812 13,1451k x 10-2 3.277248 x 10-3
433 *1 O *5 O *3 D) 93.299530 107.538775 2.396110 X 10~2 10.808557 x 10-3
L34 ¥, O ¥ O 5 D) 89.709490 29.555482 1.346083 x 10-2 3.3514601 x 10-3
435 -x D) X5 D) %3 D) 36.006042 264236856 0.446363 x 102 29.667631 X 10-3
436 X j ¥3 D) 612.01720% 470.627531 6.015060 x 10-2 47.505308 x 10-3
437 ¥ @) X5 D) %3 D) 96. 49384 46.357918 2.185673 x 10-2 6.143514 x 10-3
438 - O *1 D) X3 D) 78.916877 49.219380 1.816710 x 10-2 5.308049 x 10-3
439 3 @) *1 D) *5 }j 11.464176 14.789891 1.228339 x 10-2 1.720057 x 10-3
Lo @ ¥+, @ ¥ @ 130.169532 73.664023 1.753702 x 10-2 8.022887 x 10-5
a1 *, @ *, @ 557.865643 553. 745192 10.613982 x 10-2 99.658939 x 10-3
L2 %, @ *, @ » 225.225718 324079926 1.043828 x 10-2 42.473702 x 10-3
143 @2 *, @ %, D) 66.361575 47,0847 0.806991 x 10-2 6.519030 x 10-3
iy o *, @© X1 D) 74.186629 63.198487 0.951121 x 10-2 8.074956 x 10-3
45 » *, D *2o D) 41, 7h2735 328,591545 3.738393 x 10-2 42,604956 x 10-3
146 *y D *, D 860.855776 433.147696 0.801917 x 10-2 80.343368 x 10-3
Lkt @ *, D %5 D) 50.600001 50.953217 0.332854 x 10-2 7.071670 % 10-3
48 %1 @ } %2 @ 753.975910 257.626926 1.501141 x 10-2 23.489705 x 10-3
Lkg *, @ » ¥ D) 1406686620 316.480845 2.312676 x 10-2 14.645536 x 103
450 O> %—l Q’ X Q 79.143489 43, 772409 0.995216 x 10-2 5.774830 x 10-3
451 % *a & 114.056773 95.272799 0.508697 X 10-2 12,453270 x 10-3
452 %1 Q o Q? >> 19.733478 9k 476202 0.761530 X 10-2 12.321690 x 10-3
453 @2 X1 g ¥ F 47.53k4626 4k, 033152 0.818670 x 10-2 6.11337h x 1073
45k O> X0 g —)el @V 23.576014 35. 449339 1.221409 x 10-2 4. 743305 x 1073
455 > ¥ P X5 & 572.291256 329.929553 2.145932 x 10-2 33.849492 x 10-3
156 S F ¥y 527 . 484431 k77.671871 2.789040 x 10-2 39.396323 x 10->
I57 x1 ? gy @ 63.664202 50. 487970 0.230703 x 10-2 7.026370 x 10-3
158 ol Q > X5 e 102.652686 108.050965 0.206193 x 10-2 14.360011 x 10-3
L59 - Ve > ¥ 4 1.043639 37.945486 0.90575h x 10-2 4.947032 x 1073
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TABLE VI.- ROOT SUM SQUARE OF STANDARD DEVIATIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR EACH COMBINATION FOR THE REGION 20 HOURS AFTER INSERTION

Case Description of observations Ar, km Oy, ¥m Av, km/sec oy, km/sec
koo > *y O X%, O 102.963062 9k . 84750 0.847593 x 10-2 12.27619% x 107
Lol R O | Fo (5 1001.1385 631481834 8.305396 x 10-2 9L.LL65LT % 10-3
402 *q @) *5 O W} 55.9969287 335.339kL4 1.481908 x 10-2 12.858267 x 10-3
*hgj O x O +5 D) 126.005943 111.059960 0.415238 x 10-2 14.755790 x 10-3
Lok O ey O -+ D) 101.031246 273.253463 1.149448 x 10-2 30.804099 x 10-3
405 > %y 7 j X5 -~ 25.840603 264.800609 1.390600 x 10-2 33.129328 x 10-3
Loé ¥ _17 *2 TA . 212.5605401 Lo6, 062146 1.494588 x 10-2 91.375639 x 10-3
ko7 O * D) S D) 119.80995 120, 346459 0.952959 x 10-2 15.966221 x 103
408 ¥4 ) > X5 D) 86.360331 £53.570429 1.787605 x 10-2 31700472 x 10-3
409 Ko O ™ LR D) 162.604304 1498056965 b.420742 X 10-2 47.489006 x 10-3
110 O @ ' ® 94.006869 90.305595 0.795678 x 10-2 11.663495 x 10-3
L f ® ® 365.6835k 739.20976 7.276515 x 10-2 50.554886 x 10-3
P ® ® > 260.,07910 320.78796 2.986L400 x 10-2 34,822760 x 10-3
Co3 o ® g 16.728621 117.37217 0.261082 x 10-2 15.385184 x 10-3
b1k O ) ® E); 62.55%595 92.439723 0.703800 x 10-2 12.015668 x 10-3
415 » ) Iy 423 . 40970 272.21771 2.060781 x 10-2 32.323626 x 103
416 g:\/) @ 906.82651 k62,03151 0.4667001 x 10-2 59.135989 X 10-3
47 @ E) 1)) 73.47780% 118.65208 0.468310 x 10-2 15.577613 X 10-3
418 ® » 8, 537.43191 277.9%196 1.969530 X 10-2 32.557930 X 103
M9 ® D> E) 15.773254 303.69356 2.917675 x 10-2 31.606132 X 103
420 O ] @ *n {E— 121.8271k1 93.182522 2.735315 x 10-2 12.063884 x 10-3
k21 F ﬂCF% %2 @ 911.212177 691.821%23 25.087758 x 10-2 211.250701 X 10-3
k22 ¥ {P’ %2 @ » 65.348124 398.229952 0.908924 x 10-2 157.139245 x 10-3
423 C} %1 @ %2 %— 158.69609k 115.624876 0.241938 x 10-2 15.27119% x 10-3
kol O * @ * > 22k, 249110 296.515420 1.621537 x 10-2 32.389834 X 10-3
25 > * = +>% > 121.871429 297.04118 2.932370 X 10-2 35.788061 X 10-3
k26 *y > %5 > 85.397570 558.81623 1.826949 X 10-2 95.616679 x 10-3
Lo O> %1 @' 7\'\“2 % 125.92611 120.956821 0.987846 x 10-2 15.932947 x 10-3
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28 7 €~ > %2 bia 405.02613 288.96855 1.242038 x 10-2 34,870139 X 103
429 “+5 & > * I 19, 104462 Uk . 43645 4.513503 x 10-2 43.,017862 x 10-3
430 o G ‘}Vg O 'X—5 G 15.053%012 79.k22552 2,119559 x 10-2 10.432959 x 10-3
431 5 O ) O 628.38989 572.81418 4,758985 x 10-2 168.17848 x 103
432 2 O +3 C *y Dl 13.199389 20.398770 0.213851 x 1072 2.478840 x 1073
b33 ] (@ > O 5 D) 42.145955 27.259712 0.967356 x 10-2 3.194997 X 10-3
U3k ¥* @) > O *5 D) 12.656887 16.270308 2.044289 x 10-2 1.949904 X 10-3
435 1 D 2 Dl * D) 63.174458 17445765 0.480565 X 10-2 20.225511 % 10°3
436 S D)) *3 3 287.52589 389.08808 4.081634 X 10~2 56.962956 X 1073
37 - O 7 o K3 D) 190.55286 98.5572kk 3.243754 x 10-2 15.485604 x 1073
438 A2 O -1 T %3 j 21.447159 21.320473 1.353849 x 10-2 2.515823 x 10-3
439 73 O - D %5 = 16.232312 9.56529k 1.075428 x 10-2 1.144712 X 10-3
Lho O () *, (D 110.07425 93.267761. 153.79968 x 10-2 12.097358 X 10-3
b1 X @ %YL @ ~ 163.90412 692.43305 436.50136 X 10-2 12k.241220 X 10-3
442 %1 @ %2 @ j} 48, 41055 367.46127 582.19572 X 102 45.111611 x 10-3
ki3 @ @ *, D) 112.9056k 109.99745 58.478170 x 1072 14.460109 x 1073
N O ¥, @ D 365.57569 350.8615% 203.66211 x 102 25.51733 x 1073
445 > el X, D 386.87310 270.662371 25458285 x 10-2 33.34251 x 10-3
4h6 T K, D 83.926002 462.77821 288.93572 x 1072 98.049428 x 1073
Ly O RS T D) 66.0445681 118.28863 39.25489L x 10-2 15.617340 X 10-3
448 -+ © > K, D 635.10635 243 4369k 310.76735 x 10-2 28.371198 x 1073
blg %, @ > K D 196.901532 380. 468153 139.08408 x 10-2 23.766929 x 10-3
450 O *1 Q %2 Q’ 12463000 8l4.542783 137.09586 x 10-2 10.919125 x 103
451 * g 9"—2 cg 305.289016 188. 44252 355.29530 x 10-2 24,01205 x 10-3
452 ar] & *5 X P 18.525159 176.0951k 121.018259 x 10-2 22,214250 X 1073
k53 <> _‘>< 1 Q 762 @9 2k 476673 96.055789 79.173883% x 10-2 12.593938 x 1073
e @2 %o L *®, & 30.668461 81.125061 115.4529%  x 102 10.784295 x 1073
155 » %1 y %2 @O 329,84648 229.0723 253.83365 x 10-2 22.767325 X 10-3
L56 %l y %2 % 575.20755 L56. ko653 171.1459% x 102 27.410790 x 10-3
457 9‘/‘1 ? @7 O> 97.229483 109.83362 66.335599 X 1072 14.020090 x 1072
458 %1 0% » *5 ¥ 168.57782 156. 412385 34.03188 x 10-2 19.064933 x 103
59 ) ye » * o 20.615037 82,5548k 13%.08243 x 1072 11.105125 x 10-3
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TABLE VII.- ROOT SUM SQUARE OF STANDARD DEVIATIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR FACH COMBINATION FOR THE REGION 40 HOURS AFTER INSERTION

Case Description of observations Ar, km Op, km Av, km/sec oy, km/sec
koo @ ot O X0 O 160.686527 190.100718 1.973968 x 10-2 2k, 329054 x 1073
o1 Ky O %2 O 319.229183 575.014%169 20.095379 x 10-2 289.850660 x 10-3
4o2 *1 O 5 % O 199.993839 182.302755 1.883216 x 10-2 21.444839 x 10-3
ko3 (> -1 O *5 D) 109.98056; 231.215032 1.678979 x 10-2 30.938179 x 10-3
Lo O ¥, O X, D 30.37502k 306761656 1.312279 x 1072 41.252303% x 1070
405 > %1 D) X5 D) 248, 379024 121221709 1.195198 x 10-2 14.038k03 x 10-3
ho6 * 1 \f %z; j 124.821162 383, 444732 0.6995627 x 10-2 62.488552 x 10-3
407 @ ¥ D) X5 D) 212.207376 227.548834 2.594079 x 10-2 30.020281 x 10-3
408 F 1 ® > o D 336.983807 122,234012 1.627109 x 10-2 14.178926 x 10-3
409 Ko O > * 1 P 93.923204 U457 TLTT60 3.493791 x 10-2 53.810961 x 10-3
410 C> @ 157.550646 191.654395 1.873054 x 10-2 2k,279362 x 10-3
411 ® ® 85.969224 745,013401, 20.927188 x 10-2 156.987429 x 10-3
K12 ® B 119.516252 202.753365 1.%69044 x 10-2 23.672485 x 103
113 > ) A ) hhu.ozl;h; a 247.3429kL 2.353271 x 10-2 31.212833 x 103
b1y > \f E) 125.778119 194, 448731 1.532005 x 10-2 2k.545296 x 103
l+15~ - } @ _A~ 145.716710 123.553828 0.376925 x 10-2 14.233468 x 10-3

_bfi B ___@__ ) 230. 489797 423, LE6606 1.672547 x 10-2 52.048892 x 10-3
b1y > E £ 68.905161 —_259.5618h6 0.625252 x 10-2 30.278230 x 103
118 o @ ﬁjf» B :__ A) 516.69552} 124, 738084 1.407857 x 10-2 14,364108 x 10-3
419 @ j E 20k, 342528 20k,9638L7 3.369394 x 10-2 23,891072 x 10-3
420 O X 7 - X 27 jﬁt— N 200.125_580 190.905712 2.487311 X 10-2 2k, 3594298 x 10-3
k21 gt 5 + o _ @ 320.79200k - 647.563252 38, 422407 x 10-2 448,270991 x 10-3
422 xy 3 XKoo /: 223.2942k3 202. 374638 2.249746 x 10-2 23.8226k9 x 10-3
423 > X1 «?} X5 3 211.759833 259. 4140930 0.314866 x 10-2 34,0799%2 x 10-3
Lok C>‘_ _f<:2A fi}v B e > 71.4282&? 343.748878 1.121000 x 10-2 43.342899 x 10-3
425 _ » % - ?: W"_%__g b - 232.223897 124.865991 1.019029 x 102 14, 433350 x 10-3
k26 “>‘}__7 _z,ﬂ, 7'7*7—_2__“7:— 212.999736 L52.169096 1.7574%66 x 10-2 73.829990 x 10-3
427 O B ! — K5 - 208.791108 248.851501 2,6W7911 x 10-2 32,411366 x 10-3
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428 1 {5\ ) x5 } 368.627163. 126.013269 1.960055 x 10-2 14.576602 x 10-3
k29 B \C't ™ K1 3 72.548817 406.531318 3.057407 x 10-2 47.423816 x 1073
430 X3 O * o O * O 40.595038 183.572173 2.837235 x 10-2 24,750834 x 10-3
431 K5 O %5 O 256.838250 468. 484110 13.798589 x 10-2 163.317195 x 10-3
432 X5 O % 3 O Y1 D) 10.919567 20.350258 1.146184 x 10-2 2.562820 x 10-3
433 *1 O *. O * 3 D) 35.536058 18.171985 0.974067 x 10-2 2.251124 x 10-3
L34 ¥4 O %5 O D) 16.806563 12.957175 1.0070k0 x 10-2 1.585701 x 10-3
435 ¥4 D) *5 ) X3 D) 59. 408940 72.722031 0.626407 x 1072 8.396802 x 103
436 ) > *3 - 209.919773 372.202450 3.586625 x 102 47.592889 x 1073
y37 1 O * o D *s ) 518.582407 190.958322 2.697170 x 10-2 21.496098 x 1073
438 2 O ! D » xs3 D 10.196480 14.079558 1.151124 x 10-2 1.711733 x 10-3
439 9“3 O * 1 j * 5 5 22.152kk42 7.823455 0.947511 x 10-2 0.874180 x 103
kho C %, ® %, @ 170.37729% 190.338370 2.160062 x 10-2 24.286903 x 10-3
b1 *, @ Ko (D 1149.772067 600.389581 15.602063 x 10-2 212,939257 X 1073
L2 *, @© *o (D » 287.643412 196. 764062 2.896601 x 10-2 23.2563572 X 103
143 C» %, @ X, D) 501.428071 262.,024169 0.866055 x 10-2 33.900503 x 10-3
Ly G X, @ ¥, D 18.345955 341483163 1.180518 x 10-2 40.309336 x 10-3
Lhs > X1 D ¥, D) 214.613876 126.355546 0.855109 x 10-2 14.596637 x 10~3
L6 *, D ¥, 0 15.748008 490.814537 1.824448 x 10-2 19.723915 x 10-3
4k @ *, L) Ky D 266.136831 259.238684 3.265782 x 10-2 33.63k554 x 10-3
148 * @ > X, D) 350.359982 126.891383 1.771845 x 10-2 14640247 x 10-3
g ¥, @ > *x. I 103.490797 550. 9460ML 4.066245 x 10-2 40.630588 x 10-3
k50 O x, 0 * 5 o 167. 42509k 172.928793 2,23182h x 10-2 21.695803 x 10-3
451 > (Q %2 (2 862.041428 340, 461793 10.955416 x 10-2 %2.264676 x 10-3
452 %l (g ¥, Q } 76.250229 180.908210 1.347199 x 10-2 21.263707 x 10-3
153 O *. X F 70.636133 182.795842 0.369058 x 10-2 16.631931 x 10-3
45k C> * 2 c@’ %l ? 16.757310 204. 730894 1.061457 x 10-2 25.943242 x 10-3
k55 )} e 1 & ) % 196.180981 90.019456 0.749902 x 10-2 8.565794 x 10-3
456 -+ & %5 % 127.560595 287.926013 1.191234 x 10-2 10.602111 x 10-3
457 X1 ¥ F O 55.5473ek 160.694392 0.1447041 x 10-2 10.085351 x 10-3
458 VA cg > RVA y 262.811653 110.134927 0.860293 x 102 11.711577 x 1073
459 X2 g » X1 y 39.879697 217.916942 4.289862 x 10-2 27.093168 x 10-3
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TABLE VIII.- ROOT SUM SQUARE OF STANDARD DEVIATIONS AND OF ESTIMATES OF POSITION AND VELOCITY ERRORS FOR EACH COMBINATION FOR THE REGION 52 HOURS AFTER INSERTION

Case Description of observations Ar, km Oy, km Av, km/sec oy, km/sec
koo o> *1 @, * 5 O i 150.95663 | 2Lk4.20186 ‘ 2.207746 x 10-2 31.201318 x 10-3
Lol * 1 O *5 @) 1 392.26473  ©  Ghk,79172 15.622997 x 10-2 436,02601 x 10-3
ko2 *1 O Ko D ' > 95.354437 8L.275703 0.790008 x 10-2 9.541350 x 103
403 C)> *1 O * 5 j 217.58975 227.51779 0.497437 x 10-2 20.070106 x 10-3
hol o %2 O ¥, ) 17.022751 370.957h77 1.773051 x 102 47.338532 x 10-3
ho5 D) K1 D) Ko D) T7.975131 18, 414217 0.561709 x 10-2 5.333307 x 1073
ko6 * 1 j %2 5 184.118336 320.525223 0.408579 x 10-2 19.47649k x 10-3
ho7 O . D) )] 154654563 219.171249 0.38740% x 10-2 18.011696 x 10-3
408 X1 O > D) 145.51399 49.599660 0. 436747 x 10-2 5.497503 x 10-3
kog %2 O > K1 F 145.313367 196.646323 2,279%09 x 10-2 21.677059 x 103
40 O ® ® 316.8122k 24%.80596 3.839122 x 10-2 31.064202 x 10-3
k11 ® ® 5L 715443 664 . 54642 32.713618 x 10-2 238.58364 x 10-3
12 ® ® > 89.392783 90.563581 0.857269 x 10-2 10.160159 x 10-3
k13 (_)> @ @ 95.632209 228.73928 0.61834k x 10~2 19.873950 x 10-3
bk O> @ @ 37.926123 234,10483 0.878430 x 10-2 28.155473 x 10-3
415 > E) ) 59.352768 48.795954 0.767948 x 10-2 5.374887 x 10-3
416 B) A 190.63484 311.126429 0.640023 x 10-2 20.212073 x 1073
17 O E) ) 25.568936 222.55135 1.292949 x 10-2 19.097442 x 10-3
1418 ® D2 ) 148.96265 49.,226936 0.420840 x 10-2 5.43401% x 10-3
h1g ® > D) 72.026191 95.991415 1.000484 x 10-2 10.734003 X 10~3
420 @ ¥, - £ ¥4 {B 18l 41475 24640183 2.648320 x 10-2 31.409084% x 10-3
42l *1 @ X2 & b7, 38150 700.20948 15.405349 x 10-2 587.40090 x 10-3
Loz N @ xo {E* > 110.09313 93.471182 0.931656 x 10-2 10.588421 x 103
ka3 @ *1 {D *5 s 162.36853 240.12539 0.567176 x 10-2 25.660346 x 103
b2k o> o & ¥ s 17.922692 372.562895 1.686409 x 10-2 46.505391 x 10-3
425 > 1 > K > 7%.299278 49,140418 0.590513 x 10-2 5.430941 X 10-3
426 ¥ > * o ba 141648200 355, 276744 0.609945 x 10-2 26.201086 x 10-3
ka7 (> *q } X2 E‘ 133.129601 228.380687 0.628948 x 10-2 23,008635 x 10-3
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428 1 @ > %2 1; iky 58781 50.070876 0.426486 x 10-2 5.558948 x 10-3
429 * o Q \ _X—l :3— 128.243802 170.01L4672 1.960397 x 10-2 18.721660 x 10-3
430 1 C X 2— o -‘ _ 7\—; ™ _ 75.950934 233.119369 L. 786477 x 10-2 31.912122 x 10-3
431 x5 B 6) x5 e o _229.380010 1449001987 25.347010 x 10-2 257.882860 x 10-3
432 * 2 @ 3 O +1 . 9.748538 21.941196 1.107885 x 10-2 2.698107 x 10-3
L33 +1 é_ o _;2 O .W 5 B 35.60L045 17.688834 0.96%290 x 10-2 2.159167 x 10-3
43k F1 ka 1—5 C R 2 " Z - 7187.;(872;9 12.566972 0.970022 x 10-2 1.532545 x 10-3
L35 *1 T -)v; 7; o «—{diﬁ‘rmﬁzgégeoe A 28.664975 0.882187 x 10-2 3.166958 x 10-3
436 %2 _T ‘)‘5_ ) T - 259.571976 293.204339 1.647819 x 10-2 17.064172 x 10-3
437 4 9 o T 73 B 102.06970% 80.713156 0.411986 x 10-2 8.941466 x 10-3
438 5 C %r ,,_:,,g - 3 o 1. 475712 13.062939 1.090369 x 10-2 1.588739 x 103
k39 *3 O ¥ 1 D ar D) 23.873604 6.710529 0.910839 x 10-2 0.820615 x 10-5
440 > 1 1) +2 (I) 24304152 249, 24554 3.204047 x 10-2 31.603976 x 10-3
Lh1 *1 @ > o @ 316.09126 778.25140 5.630226 x 10-2 269.78351 x 10-3

kh2 _%1 A _____%_2_ D ) o > 99.356392 91.709755 0.876709 x 10-2 10.396250 x 10-3
L3 > ,_;_;__ - %2 D 2L2.M6377  268.20040 0.347488 x 10-2 28.405k0k X 10-3
Ll > %.2 B I; S 77—)—1 ALj 1998078 581.98585 0.975335 x 10-2 15434678 x 1073
b5 »> 7 *1 L ) 73.57679% 49.587107 0.59719% x 10-2 5.481892 x 10-3
IS %1 L X5 I; - 362.85235 397.66247 1.291972 x 10-2 29.889361 x 10.-3
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Figure 1.- Plot of trajectory illustrating the regions where navigation measurements were made.
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